T h e mechanism by which RNA molecules assemble into unique three-dimensional conformations is important for understanding their function, regulation and interactions with substrates. T h e Tetrahymena group I ribozyme is an excellent model system for understanding RNA folding mechanisms, because the catalytic activity of the native RNA is easily measured. Folding of the Tetrahymena ribozyme is dominated by intermediates in which the stable P4-P6 domain is correctly formed, but the P3-P9 domain is partially misfolded. T h e propensity of the RNA to misfold depends on the relative stability of native and non-native interactions. Circular permutation of the Tetrahymena ribozyme shows that the distance in the primary sequence between native interactions also influences the folding pathway.
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Parallel RNA folding paths
Because the three-dimensional structures of RNA molecules are essential to their biological function, the process by which RNA folds has attracted considerable attention (reviewed in [ 1-31) . Catalytic RNAs such as the Tetrahymena group I ribozyme have been important model systems for understanding RNA folding mechanisms. T h e results obtained from studies of ribozymes, however, are expected to provide insights into more complex problems, such as the assembly of RNA-protein complexes and target recognition by small regulatory RNAs.
As for proteins, the assembly of RNA into an active structure is directed by its primary sequence. Unlike small proteins, however, many RNAs are prone to misfolding in vitro (see [4, 5] Key words circular permutation. RNA structure. RNase P. Tetrahymena ribozyrne 'E-mail swoodson(a jhu.edu and references therein). Consequently, renaturation of transcripts can require minutes or hours, and is not always completely successful. An important question is: what features enable certain RNA sequences to specifically refold to a unique structure, while other RNAs become hopelessly trapped in inactive conformations ?
Experiments on the Tetrahymena ribozyme showed that the RNA population is partitioned between two parallel folding pathways [6] (Figure 1) . A small fraction of the RNA reaches the native state rapidly, with a time constant of 1 or 2 s [7, 8] . T h e majority of the RNA, however, folds through one or more metastable intermediates that contain some non-native interactions [6] . Because the intermediates must at least partially unfold before adopting the native conformation, transitions from the intermediates to the native state are slow (1-100 min), and depend on the stability of the intermediates [6] .
T h e initial conformational changes that lead to tertiary structure occur very rapidly. In the presence of counterions, the RNA chain collapses to compact structures in a few milliseconds [9] , and individual tertiary domains appear to be folded within 10-100 ms, comparable with the time required for folding of tRNA [lo-121. X-ray-dependent hydroxyl radical footprinting and stopped-flow fluorescence studies showed that the 160nt P4-P6 domain of the Tetrahymena ribozyme folds in 5 0 m s to 1 s [11, 13, 14] . T h e 250 nt catalytic domain of Bacillus subtilis RNase P folds on similar timescales, as monitored by circular dichroism and fluorescent probes [12, 15] .
Sequence dependence
Partitioning of the RNA among competing folding pathways, however, is enormously sensitive to the sequence of the ribozyme. A single base sub- approx. 2% fast
stitution among several hundred nucleotides is sufficient to radically alter the portion of the R N A that folds rapidly [7, 16] . Thus, whereas tertiary contacts in R N A can be established rapidly, the specificity of refolding is poor.
Which features of R N A sequences determine the specificity of the folding process? First, the energy of the interactions that stabilize the native structure determine the free energy difference between the unfolded and folded R N A (reviewed in [17] ). Because R N A is negatively charged, the stability of the tertiary structure also depends strongly on the concentration of bivalent metal ions. Secondly, as was pointed out in the context of protein folding [18] , the self-consistency of the interactions reflects the extent to which the R N A contacts collaborate to stabilize a unique threedimensional structure [3] . If local interactions that are energetically favourable are inconsistent with the global fold, the R N A sequence is likely to simultaneously form several different low free energy conformations. Such sequences fold poorly, because these alternative structures compete with the native state during the folding process (and appear as misfolded intermediates). Self-consistency is most likely to be achieved when the tertiary contacts that stabilize different domains of the R N A have similar energies [19] . In the Tetrahymena ribozyme, the P4-P6 domain is independently stable and folds rapidly. In contrast, the P3-P9 domain is much less stable, and requires a long time to reach its native structure because the P3 helix is prone to misfolding [16] . T h e imbalance in the stability of the two major tertiary domains of this R N A contributes to the probability that the R N A will become trapped in stable, yet misfolded, intermediates [19] . Indeed, mutations that decrease the stability of the P4-P6 
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domain or increase the stability of the P3-P9 domain increase the overall folding rate [7, 20] .
close on the 10-100 p s timescale, and the closing time increases in proportion to the size of the loop [10, 22, 23] . In contrast with those of proteins, RNA secondary structures are very stable once formed, yet partially degenerate. Thus improper nucleation of the secondary structure can lead to misfolded intermediates that persist for long
Contact order
We hypothesize that the probability of forming a uniaue native conformation also deDends on the distance between the interacting nucleotides in the primary sequence of the RNA, or the contact order. Plaxco et al. [21] found that contact order correlates with the refolding rates of small proteins. Proteins that have mostly local interactions (low contact order) fold most rapidly. By analogy, RNA domains with low contact order are expected to fold more rapidly than domains with many long-range interactions, because the entropic penalty for forming contacts between nucleotides that are close in the primary sequence is lower. Although long-range contacts are most effectimes.
In the Tetrahymena ribozyme, the P4-P6 domain folds most rapidly, and has a low contact order ( Figure 2 ). In contrast, the P3-P9 domain, which folds slowly, contains long-range interactions. Base pairs that form the P3 helix are 170 residues apart in the primary sequence; these base pairs are readily displaced by a non-native pairing, which involves residues that are only 30 nt apart [16] . Thus the folding rate of each domain of the ribozyme qualitatively correlates with the sequence separation of the interactions.
tive in restraining the three-dimensional structure of the RNA, these contacts are more difficult to establish because they reduce the entropy of the chain considerably [18] . 
Summary
In summary, the probability that an RNA sequence will rapidly find its native conformation depends on the self-consistency of the contacts that define the native state. This in turn is influenced by the competition between long-range and short-range interactions. There is growing evidence that tertiary structures that are stabilized by contacts that are relatively close in sequence have a greater probability of forming the native (low-contact order) structure without becoming trapped in long-range intermediates. This has practical implications for the assembly of very large RNA-protein complexes and for the evolution of RNA sequences. It is hoped that future work will address these issues in more detail. 
